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Abstract 
Forthcoming climate changes, recognized by the international scientific community, are inducing a modification of the 
hydrological cycles with a direct impact on the piezometric regime of natural slopes and thus on their stability conditions. 
Particularly regarding active landslides in fine grained soils, the experience based on several well documented cases suggests an 
evident connection between landslide activity and rainfalls cumulated over some months. As a consequence, the observed change 
of the rainfall features should provoke variations on the kinematic features of such phenomena. Its role could be not negligible in 
a landslide risk assessment. 
Thanks to the availability of a considerable database related to the well documented Orvieto case, regarding precipitations and 
displacements of an active slide in clay, monitored since 1982, and to a climate projection occurring in the concerned area, 
provided by a reliable Regional Climate Model, the present paper gives a likely prediction of the long-term scenario of the 
landslide behavior. According to our results, local climate effects should be responsible of a slow decrease in the displacement 
rate. 
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1. Introduction 
A large amount of data coming from monitoring of the mean meteorological parameters (temperature, rainfall, 
sea level pressure, etc.) suggests that Earth has been subjected during the last century to significant climate changes. 
For instance, as reported by the Intergovernmental Panel on Climate Change, IPCC1, during the last 25 years, global 
temperature experienced an average increase of about 0.6 °C, which is fairly high if compared to its maximum 
oscillation of 1°C/century estimated for the previous 4.5 billions years. Particularly concerning the rainfall regime of 
Mediterranean area, the number of rainy days is decreasing, thus, being precipitation concentrated into shorter time 
intervals, the rainfall events are generally featured by a higher intensity. Such ongoing weather modifications will 
strongly influence hydrological cycles and, as a consequence, will produce a direct impact on the stability of slopes. 
The present knowledge enables to depict credible scenarios. 
Regarding deep landslides in fine grained deposits, their activity is essentially governed by pore water pressure 
fluctuations, that affect the operational shear strength along the slip surface and are in turn regulated by the seasonal 
environmental conditions. Periodical acceleration usually occur during the wet season, whilst the rate of movement 
progressively slows down as the dry season approaches. The relation between weather conditions and piezometric 
regime is strongly influenced by the hydraulic conductivity, that is typically low in natural slopes consisting of fine 
grained soils. In particular, the precipitations have general delayed effects on pore pressures, that are consistent with 
seasonal rainfalls cumulated over long-lasting time periods (usually some months), while are scarcely influenced by 
short intense rainfalls.  
The availability of data about precipitations and the displacement field of a slow deep slide in clay active in 
Orvieto (Central Italy), monitored since more than 30 years, highlights a clear correspondence between rate of 
movement and rainfall features. Thus, the possibility that the long-term landslide activity could be influenced by 
modifications in the rainfall regime is very likely. The paper gives an evaluation of the likely effects of the ongoing 
climate changes on the future landslide behaviour, consisting in a quantitative estimation of the displacement that 
could occur until the end of 21st century. To this aim, a detailed analysis of local rainfall history and of monitoring 
data has been coupled to high-resolution climate projections in the concerned area provided by the Regional Climate 
Model COSMO-CLM for two different emission scenarios.  
2. Main features of the deep movements on the Orvieto clay slope 
Similarly to many other historical town of Central and Southern Italy, Orvieto is located on top of a mesa, 
consisting of a rock slab overlying a tronco-conical base with gentle slopes (12° to 15°), formed by stiff clays. The 
clay formation (a silt and clay of medium plasticity) is intact and very stiff at depth (undrained strength higher than 
1 MPa at 30 m of depth) but proceeding upwards it shows an increase in void ratio caused by softening processes 
and the appearance of fissures and joints, which at the top of the formation are opened and oxidized, as well as the 
clay matrix is. Most of the slope is covered by a landslide debris resulting from remoulding of the underlying clay 
formation mixed to a slight coarse grained fraction, deriving from the disruption of the pyroclastic rock slab, which 
increases in the top soil (up to 15%). 
Slope movements and pore pressure have being monitored since 1982 by the Institute for Environmental Geology 
and Geo-Engineering of the National Research Council through inclinometers and piezometers (both Casagrande 
and vibrating-wire cells) in a sample area located on the northern part of the hill. Twenty-five to thirty year-long 
datasets(depending on the measuring location) of displacements and pore pressure measurements at various depths 
have been collected. Measurement frequency is monthly up to the 2002 and bimonthly from 2002 to 2013. Daily 
rainfall and temperature data are provided by a meteorological station of the Hydrological Service of Region 
Umbria, which is active since 1920 with few short periods of incompleteness. 
Monitoring indicates that the slope is affected by slow translational movements along pre-existing slip 
surfaces/shear bands located within the upper part of the overconsolidated clays, down to a depth of 30 m, and 
within the overlying debris cover, usually at a depth lower than 10 m (Fig. 1). Deep movements occur at an average 
displacement rate of 2 to 6 mm/year with yearly re-activation excepting for particularly dry years, when negligible 
displacements are recorded. Shallow slides, often superimposed on the deep movements, show higher average 
displacement rates (40-50 mm/year) and reactivate even more than once in a hydrologic year. 
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Fig. 1. Geotechnical profile across the northern slope of the Orvieto Hill and slip surfaces recognized through inclinometers. 1) landslide debris; 
2) pyroclastic formation; 3) Albornoz formation; 4) stiff (a) and softened (b) clay formation. 
3. Relationships among displacement rate, pore pressure and rainfall regime 
The exceptionally long time-history allows a view on both short- and mid-term variations in displacement rates 
which are strikingly linked to changes in pore pressures and rainfall cumulated over long periods. Attention is 
focused on deep movements, which involve larger volumes, are less dependent on local geotechnical conditions and 
ensure a long life to in-depth monitoring instrumentation, thus providing long time series of displacements. In 
particular, the analyses concern data from the OR monitoring station (probe inclinometer and Casagrande 
piezometer) installed in the central part of the slope (Fig. 1), which is characterized by the longest monitoring 
history. 
Tommasi et al.2, with reference to the same monitoring station and to a data set spanning from July 1987 to 
December 2000, showed that displacement rates measured along the sliding surface (20 m depth) correlate very well 
with the piezometer regime and to the antecedent rainfall with an accumulation period of 120 days. In particular 
movement accelerations occur in conjunctions with maxima of the antecedent rainfall history and excesses of the 
pore pressure with respect to the medium trend (approximated to a sinusoidal function) calculated on a fifteen-year-
long dataset. These Authors also calculated an average displacement rate of 2 mm/year for the whole time series and 
observed that variations in average velocity over periods of one to three hydrologic years can be individuated. 
The availability of a thirty-one-year-long continuous monitoring period lets emerge changes in the average 
velocity over a longer time scale, i.e. seven to ten years (Fig. 2). These changes are again the result of medium-term 
variations of the piezometric levels and antecedent rainfall. In the latter respect the presence of three “dry” 
hydrological years in the period 2005-2012 makes the displacement rate pass from 2 to 1.3 mm/year. In Figure 2 it is 
particularly evident that such a decreasing average velocity is accompanied by an apparent progressive lowering of 
the maximum and average piezometric levels since 2003. 
Figure 3 shows the relationship between maximum yearly cumulative rainfall over 120 days,  P120M, and observed 
annual displacement. Although characterized by significant dispersion, a clear linkage between the two variables is 
detectable. However, it reveals how landslide body mobilizes, every year, regardless of corresponding precipitation 
pattern. 
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Fig. 2. Cumulative displacements(a) and pore pressure (b) measured at the OR monitoring station and total rainfall accumulated over 120 days(c). 
An apparent decrease of piezometric levels and average displacement rates (v) is observed since the very beginning of the millennium. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Annual landslide displacement measured by inclinometer OR at the depth z = 20 m, as a function of the maximum cumulative rainfall over 
120 days, P120M. 
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4. Climate changes detected by weather observations 
Since, during monitoring, substantial changes in slope geometry, land cover or hydraulic boundary conditions are 
not recognizable, it may be interesting to investigate whether the decreasing displacement trend of the deep 
movement detected by the OR station (Fig.2), is partially due to a change in the weather forcing induced by 
anthropogenic climate changes. To this aim, daily precipitation and temperature readings are provided by a weather 
station belonging to the hydrological network of the Umbria Region located in the city centre (310 a.s.l.) working 
since 1921 up to the present. 
In Figure 4, cumulative seasonal precipitation values are reported for the entire available time window; the 
checks on quality control and data series homogeneity are described in Rianna et al.3. Moreover, of the existence of 
a linear evolutionary trend and its statistical significance, have been evaluated through the Theil-Sen4 and the Mann-
Kendall approaches5,6,7(Table 1), respectively, which are widely used in climate sciences. In particular the Theil-Sen 
approach adopts as slope coefficient for linear regression analysis the median value of the slope coefficients of all 
lines passing through the various pairs of sample points. This approach is preferred to the common OLS (Ordinary 
Least Square) method, being insensitive to outliers. The Mann-Kendall test is a non-parametric test comparing the 
hypothesis of presence of a preferential order (increasing or decreasing) in the observations, H18, against the zero-
hypothesis of absence of trend, H0; the test determines the probability value (p-value) of the normalized test variable 
and compares it with an assigned significance level Į (1%-5%-10%): the smaller the p-value, the greater the 
evidence against H0. 
Table 1. Linear trend slope retrieved through the Theil-Sen approach for seasonal cumulative precipitation, wet days number 
and mean temperature during Winter (DJF), Spring (MAM), Summer (JJA) and Autumn (SON). Values with statistical 
significance at least equal to 10% are underlined: values for p < 5% and p <1%are in italican dbold, respectively. 
 Rainfall  
[mm/year] 
Wet days  
[Nr./year] 
Temperature  
[°C/year] 
DJF -0.820 -0.034 0.010 
MAM -0.320 -0.059 0.013 
JJA -0.075 0 0.020 
SON -0.085 -0.085 0.005 
Year -1.420 -0.100 0.014 
 
 
Fig. 4. Cumulative seasonal precipitation measured from1921 to 2013. 
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Although data are affected by a pronounced dispersion3, for all the seasons a decrease is detected (Table 1). In 
particular, the most significant reduction (the only statistically significant at Į = 5% according to Mann-Kendall test) 
occurs during Winter, DJF, (-82 mm/100 years); for this season, the cumulative values pass, on average, from values 
close to 290 mm (usual for wetter Fall season) to value of about 200 mm, typical of Spring season. As, during the 
time window ranging from October to March, most of the yearly precipitation occurs, this finding could partially 
explain the detected reduction in the movement rate. 
Moreover, similar indications are retrievable from the analysis of the trends related to wet days number, WDN, 
corresponding to daily rainfall value higher than 1 mm (Fig.5a) and mean daily temperature, MDT, (Fig. 5b) on 
seasonal scale. The estimated slope coefficients of the linear trend are reported again in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Mean seasonal values of (a) wet days number and (b) temperature, measured up to 2013. 
In WDN trends, the evolutions display slight variations in Summer and Autumn, while they are more marked for 
the other seasons. In such cases, the estimated decrease in cumulative values (specially for DJF) could be mainly 
due to an increase in time lag between two precipitation events. Moreover, mainly for spring season, trend reduction 
(the only statistically significant at Į = 5% according to Mann-Kendall test) linked to small reduction of cumulative 
values could be induced by an increase of mean daily rainfall values. Since the shallow soils on the slope are 
characterized by low hydraulic permeability values9, it leads to a reduction in amount of infiltrated rainfall. 
Finally, the MDT trends return a general increase over the entire year; in special way, summer values show a 
strong growth equal to 2°C/100 years (significant even for a significance level Į = 1%), while the increase is about 
1°C/100 years for winter and spring season and less pronounced during the Autumn (0.5°C/100 years). Such 
temperature increase induces a corresponding higher evaporative atmospheric demand, resulting in a reduction of 
soil water content (consistently with water availability) and, as a consequence, of pore-water pressures regulating 
landslide movement rate. Nevertheless, the reduction of shallow soil water content can cause an increase of 
hydraulic gradient near the soil surface. 
Thus, the ongoing trends for all the considered variables are consistent with the decreasing movement rate 
observed at OR station.  
 
a) b)
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5. Evaluation of the future landslide activity due to climate changes based on assumed emission scenarios 
The analysis of main weather forcing has detected the influence of climate changes on current reduction of 
landslide activity on relatively long time spans; to assess its future evolution the estimate of future trends of 
cumulative weather variables surely represents a crucial issue. Since, as a first attempt, landslide activity is predicted 
through a simple tool (Figure 3) based on cumulative rainfall values, the evaluation of precipitation is only 
considered. For this purpose, the simulation chain illustrated in Figure 6 has been used. Such approach has been 
already tested for the evaluation of the future behaviour of a different slow landslide in a clay slope10. 
 
 
 
 
 
 
 
 
Fig. 6. Simulation chain. 
Future climate depends on future releases into the atmosphere of greenhouse gases, aerosols and other pollutants: 
these variables are taken into account in Emission Scenarios, based on assumptions about economic growth or 
technology development. Levels of future emissions are highly uncertain, so, generally, a set of different scenarios 
should be considered to represent a range of possible driving forces and emissions. In this study two IPCC scenarios 
are considered: RCP4.5 and RCP8.5. RCPs (Representative Concentration Pathways) specify the increase in 
expected radiative forcing over the 21st century11. In particular, RCP4.5 is a stabilization scenario in which the total 
radiative forcing increase (compared to pre-industrial age) is stabilized at 4.5 W/m2 at 2100, while RCP8.5 is the 
high reference scenario with a projected increase of the Earth radiative forcing of about 8.5 W/m2 at the end of the 
century. They represent the forcing to drive Global Climate Models, GCM, reproducing the processes regulating the 
general circulation of atmosphere. The GCM used in this study is CMCC-CM (Scoccimarro et al., 2011), a coupled 
atmosphere-ocean general circulation model, whose atmospheric component is ECHAM5, with an horizontal 
resolution of 0.75° (about 85 km).Because of their too coarse horizontal resolutions, GCM are often considered to 
be not adequate for regional climate studies and to support impact research12related to very localized areas. 
Therefore the GCMs outputs require to be downscaled. One way to obtain climate scenarios at regional scale is the 
use of dynamical downscaling, allowed by a Regional Climate Model (RCM). RCMs are numerical climate models 
nested on the GCM: the outputs of GCM simulations are used as initial and boundary conditions for high-resolution 
RCM simulations. This technique derives finer resolution climate data, within a limited area of interest, starting 
from large-scale information of GCM. The RCM adopted in this work is COSMO-CLM13, that represents the 
climate version of the COSMO-LM model14, which is in turn the operational non-hydrostatic mesoscale weather 
forecast model developed initially by the German Weather Service and then by the European Consortium COSMO. 
The considered COSMO-CLM simulations have been carried out over Italy at a horizontal resolution of 0.0715° 
(about 8 km). 
However, neither the direct use of RCM output, as input for impact models, is recommended, indeed several 
studies demonstrated that RCM outputs are affected by not negligible systematic bias15,16. Different bias correction 
techniques are available to reduce bias in climate data. In the present work the quantile mapping approach has been 
considered. This method tries to adjust all the statistical moments of the Probability Distribution Function, PDF, of 
Emission scenario
Regional Climate model
Bias Correction technique
Estimation of future trend of precipitation
Global Circulation model
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the precipitation field. To this aim, the correct variable is calculated starting from the observed value using a transfer 
function calculated forcing the equality between the Cumulative Distribution Function, CDF, of the observed and 
simulated variables17. In quantile mapping, both observed and simulated distributions are assumed well 
approximated by a Gamma distribution. This distribution, dependent only on two parameters, is commonly used for 
representing the PDF of precipitation and several studies have proved that it is effective for modeling rainfall 
data12,15. 
The performances of the model chain has been firstly tested in reproducing the current climate (following the 
IPCC 20C3M protocol), to verify the realistic representation of precipitation fields. Then forecasted rainfall values 
have been considered for the future period until 2100, considering both the RCP4.5 and RCP8.5 scenarios. Figure 7 
shows a comparison, on seasonal scale, between precipitation distributions of observed (first row) and simulated 
values (second row) during the same control period (1981-2010), together with the future 30 years scenarios  (2071-
2100) provided  by RCP4.5 (third row) and RCP8.5 (fourth row). In particular, the bottom and the top of each box 
respectively represent the first (25°) and third (75°) quartiles, the band inside the box is the second quartile (the 
median), while the ends of the whiskers represent the minimum and maximum of all of the data. The comparison 
between observed and simulated values in the control period (1981-2010) reveals that the adopted simulation chain 
is able to well reproduce the observed climatology: during all the seasons, the whole distribution is well represented 
with mean values, interquartile ranges and the extreme values of simulated precipitations very similar to the 
observed ones. Concerning the future trend, the climate change signal projected for the precipitation distribution 
shows a slight decrease during Spring, in terms of mean values, for both the scenarios, and an increase of maximum 
values following the RCP8.5 scenario. Summer months, instead, are characterized by a strong decrease of 
precipitation, more accentuated in the case of RCP8.5. Also in Autumn a decrease of precipitation is projected 
following both the scenarios, with a reduction of interquartile range according to the RCP8.5 scenario. Finally, in 
Winter a substantial steady signal is obtained, but with an increase of maximum values for RCP8.5. 
To investigate the effect of climate on landslide activity, a simplified predictive tool has been adopted. Having 
verified a rather good agreement between the evolutions of maximum values, P120M, for hydrological year and the 
yearly displacement, yd (Fig.3), we considered the opportunity of adopting such parameter as proxy variable for 
landslide activity. In particular, the following exponential relationship 
)107.4exp(17.0 120
3
MPyd  
    (1) 
can suitably fit the observed data preserving the minimum displacement rate also for low P120M values. Even though 
the correlation index R2 slightly exceeds 0.4, adopting the relationship over the monitoring period returns a 
cumulative displacement equal to about 55 mm (Fig.8b), that slightly underestimates the actual value (58.6 mm). 
Figure 8a shows the P120M trends related to the entire time window for which observations are available (1921-
2013), to the control period (1981-2010) and to the future time interval (2011-2100) according to RCP4.5 and 
RCP8.5 scenarios. Moreover, in Figure 8b the relationship retrieved between yearly displacement and P120M is used 
to perform a first attempt to evaluate the future evolution of deep movements detected on Northern slope of Orvieto. 
The simulation chain is able to reproduce the P120M values observed during the control period, even partly 
underestimating the inter annual variability, agreeing, in particular, with the seasonal trends shown by Figure 7. For 
the future period, the trend detected by RCP4.5 follows the observed decreasing trend under comparable amounts of 
seasonal precipitation, while the evaluated decrease of P120M becomes less pronounced according to the one provided 
by RCP8.5, because of estimated increase of Winter precipitation. Anyway, for both emission scenarios the inter-
annual variability shows values that are comparable to those observed for the area. For what concern the 
displacement evolutions (Fig.8b), also adopting P120M values estimated through the simulation chain, the evaluated 
displacement over the monitoring period is quite similar to observed amount. For the future period, the trends seem 
to accommodate the current evolution at decreasing slope; in this case, the choice of an emission scenario only 
marginally affects the total displacements. Finally, the comparison between such evolutions and the trend at 2100, 
under steady state conditions, obtained by assuming a mean yearly displacement equal to that monitored (1.89 mm 
corresponding to the continuous black line in Figure 8b) allows us to evaluate a substantial deceleration (the 
forecasted rate of movement is about 1.67mm/year). 
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Fig. 7. Seasonal box plot of rainfall values: comparison between precipitation distributions of observed and simulated values, considering the 
control period (1981-2010) and the future period (2071-2100), for both RCP4.5 and RCP8.5 scenarios. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. (a) observed and simulated precipitation P120M, considering control period (1981-2010) and future period (2071-2100), for both RCP4.5 
and RCP8.5 scenarios; (b) observed and simulated cumulative displacement. 
 
a)
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6. Conclusive remarks  
The displacement field of an active deep landslide in overconsolidated clays (Orvieto, Central Italy) shown by a 
long-lasting monitoring, points out an evident reducing trend in the rate of movement. Such a behaviour could be 
directly related to the recognized decreasing trend in the maximum yearly cumulative rainfall over four months, that 
is induced by weather modifications in the landslide area. Since the actual knowledge allows us to depict reliable 
scenarios of the incoming climate changes, the likely landslide response to the future rainfall regime can be in turn 
estimated by a simulation chain based on the expected increase in radiative forcing over the 21st century. The results 
of our analyses point out that local climate changes should be responsible for a substantial slow deceleration of the 
landslide movement. The evaluation of the effects induced by the ongoing weather changes could represent an 
important issue to evaluate the long-term landslide risk assessment for infrastructures having high vulnerability to 
this type of slope movements. 
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